An investigation was made of the change in the parameters of oxidation of polyethylene (PE) 
A polymeric substance differs from its low-molecularweight analogues in a number of characteristics, of which the most important for the study of oxidation processes are the practically zero vapour pressure at all temperatures of existence of the given substance and the extremely low translational mobility of macromolecules of the polymer, combined with high vibrational mobility of its constituent segments. In the present work we studied the oxidation of the simplest polymer -polyethylene (PE) -by molecular oxygen in the temperature range 80-210°C, which includes the melting region of this "crystalline" polymer (108°C), in the presence of the antioxidant 2,2′-methylene-bis(4-methyl-6-methylcyclohexylphenol) (MCHP). The relatively high molecular weight of this antioxidant (M = 400) reduced its evaporation in the course of the reaction, but on the other hand made it necessary to use an indirect method to study its consumption -the study of the dependence of the induction period on the initial antioxidant concentration.
On transition from a low-molecular-weight substance to its high-molecular-weight analogue, there is a considerable increase in the role of the cage effect, which leads to a reduction in the hydroperoxide yields from roughly 100% in hydrocarbons to 5-20% in hydrocarbon polymers -polyolefi ns [1, 2] , while stable inhomogeneities in the packing of macromolecules act as a second component dissolved in the polymeric substance [3] . In crystalline polymers, crystalline formations appear below the melting point, the content of which grows with reduction in temperature, and which, in some cases, behave like traps of free radicals (or, more precisely, free valancies). It was of interest to gain some insight into the extent to which the properties of an intercrystalline amorphous substance differ from the properties of the same substance comprising a polymer melt.
The main stages of the reaction of oxidation of hydrocarbon polymers are similar to the same stages of oxidation of low-molecular-weight hydrocarbons:
but the differences already appear at the stage RO 2 • + RH. Whereas in liquid phase the thermal motion rapidly separates the primary products of this reaction and almost 100% of the hydroperoxide groups are retained, in polymers these products are either neighbouring sections of the same molecule or are positioned on neighbouring macromolecules. In both cases they fi nd themselves next to each other for a long period and in all likelihood interact, for example by the scheme
on account of which the hydroperoxide yield in terms of mol absorbed oxygen α is considerably lower than unity (i.e. 100%) and depends on the concentration of oxygen reacting with radicals R • [1, 2] , i.e. the process is conveniently described by the overall reaction
Normal antioxidants, phenols and aromatic amines, react more readily with oxygen than do the monomer units of the polymer [1, 4] , on account of which the interaction of the antioxidant with oxygen becomes the initiating stage of the oxidation process. As a large proportion of the radicals formed in this case are lost, reacting with the same antioxidant, the process can be described by the scheme [5]
with subsequent interaction of hydrogen peroxide with the antioxidant:
Thus, an elementary act of the antioxidant oxidation reaction (3) entails the consumption of f = 4 antioxidant molecules. A small proportion of the radicals formed in this case react with monomer units of the polymer RH, initiating oxidation:
but, subsequently, the chains initiated by these radicals are lost on the same antioxidant. Therefore, reaction (6) does not alter the magnitude of f.
Chain rupture occurs when the radicals RO 2 • taking part in the oxidation of the polymer interact with IH:
Radicals I
• may also recombine with R
• , i.e. are capable of retarding oxidation, but a large proportion of I
• ultimately are converted into a non-volatile coloured product capable of retarding the oxidation process in the absence of the initial form of the antioxidant [1, 6] .
Chain branching occurs when hydroperoxide groups interact with neighbouring monomer units RH. Here, both in the formation of hydroperoxides in the chain elongation reaction and in their breakdown, a large role is played by the cage effect, which lowers considerably the yields both of hydroperoxides and of free radicals:
In the branched chain reaction developed, the main sources of free radicals are the chain branching reactions, i.e. in the present case the formation and breakdown of hydroperoxide groups. If the chain branching rate is higher than the chain termination rate, the reaction remains self-accelerated; if, however, the chain termination rate is higher than the chain branching rate, the reaction is steady, i.e. its rate is a single-valued function of the concentrations of the reactants: monomer units of the polymer [RH], oxygen, and antioxidant. The critical antioxidant concentration corresponds to the boundary between these regimes. As shown in references [1] and [7] , its value is equal to
Consequently, the expression for [IH] cr contains the ratio of two rate constants and the product of two coeffi cients, both of which may depend on temperature.
If the antioxidant above its critical concentration is consumed, chiefl y by oxidation (stages (3) to (5)) proceeding by a fi rst-order law relative to the antioxidant, we can write
where constant k eff is equal to the rate constant of the reaction IH + O 2 (k 0 ) multiplied by quantity f -the number of IH molecules consumed in total in reaction (3) and in subsequent secondary reactions. A fi rst order of the reaction of consumption of strong antioxidants in the course of oxidation of polyolefi ns has repeatedly been observed in experiments [1, 3] .
When, in the course of antioxidant consumption, its actual concentration becomes equal to the critical concentration, the rate of the reaction increases strongly and residues of the antioxidant are consumed in a short period of time cr . The dependence of the induction period on the initial antioxidant concentration [IH] 0 , calculated on this assumption, will be described by the formula [1, 7] Formula (12) can be used to determine the parameters of inhibited oxidation: the critical concentration and the effective consumption rate of the antioxidant. Thus, the rate constant k eff is equal to
and a distinct infl ection on the curve of the dependence of the induction period on the initial antioxidant concentration [IH] 0 corresponds to the critical antioxidant concentration.
Taking into account that the specifi c structures of the polymeric substance below and above the region of melting of the polymer differ considerably, in the present work we set ourselves the task of determining how the parameters of inhibited oxidation change upon transition through the melting point and, above all, how the oxidation rate of the antioxidant dissolved in the polymer changes upon transition from an entirely molten polymer to a partially crystallised "crystalline" polymer.
EXPERIMENTAL
In the work, use was made of low-density polyethylene with a weight-average molecular weight M w = 55 700 and the antioxidant 2,2′-methylene-bis(4-methyl-6-methylcyclohexylphenol) (MCHP). Polyethylene was reprecipitated from m-xylene and washed with alcohol, and the antioxidant MCHP, m.p. 140°C, was recrystallised from alcohol. Specimens were prepared by mixing powders of the polymer and antioxidant with the addition of small quantities of alcohol, which subsequently volatilised. Specimens weighing 0.05 g were oxidised in a static vacuum unit [1] under an oxygen pressure of 150 mmHg (which roughly corresponds to the partial pressure of O 2 in the atmosphere). Figure 1 gives kinetic curves of oxygen absorption and -OH and >CO group accumulation during oxidation of a specimen containing 1.25 × 10 −4 mol/kg MCHP at 100°C. Oxidation under these conditions proceeds with a marked induction period, and here the starts of rise of all three curves coincide. According to theory [1, 7] , the start of rise corresponds to the instant of time when the concentration of antioxidant decreases to the critical magnitude.
RESULTS AND DISCUSSION
In accordance with equation (11), the induction periods of oxidation of PE at all temperatures change with the initial antioxidant concentration by a logarithmic law (Figure 2) . This made it possible to fi nd the temperature dependences of the rate constant k eff . On the sections above and below the melting point of the polymer, k eff changes by the Arrhenius law with an effective activation energy of 36.5 kcal/mol (153 kJ/mol) below and of 30.0 kcal/mol (126 kJ/mol) above this region (Figure 3) . The strong change in the pre-exponential factor of the constant, the common logarithm of which decreased from 15.6 to 10.0 s −1 during melting of the polymer, was unexpected.
The critical concentration of antioxidant MCHP, which it is more convenient to determine from untransformed (2) , and 100°C (3) curves of the dependence of the induction period on the initial antioxidant concentration, also changed differently above and below the melting point. Here, in contrast to k eff , the apparent activation energy of change in [IH] cr in the solid polymer was lower than in the polymer melt: 3.0 cal/mol (12.6 kJ/mol) and 11.5 kcal/mol (48.2 kJ/ mol) respectively (Figure 4) . The expression for the critical concentration contains several rate constants, and we cannot ascribe the jump observed to any of them.
According to schemes (3) to (5), the reaction of direct interaction of IH with O 2 is followed by a number of secondary reactions, and constant k eff can be written as k 0 [O 2 ]f. The change in the local IH concentration on transition through the region of melting should not affect the magnitude of the constant, which is fi rst order with respect to [IH] , while quantity f, as stated above, equal to 4, should not change greatly, even if the process in fact proceeds not as we suppose.
The highest activation energy of oxidation of the antioxidant below the melting point can easily be explained. According to the sorption mechanism proposed in references [3] and [8] , molecules of the substance dissolved in the polymer are contained mainly at those centres of sorption/areas of short-range-order breakdown whose volumes are most suitable in form for a dissolved molecule of substance A (in the present case, MCHP). Below the region of melting of the polymer in it, crystalline formations appear that prevent movement of macromolecules and their segments, and rearrangement of the centre, necessary for the formation of a reaction complex, requires the expenditure of additional energy. It is much more diffi cult to explain the strong (fi ve-decimalplace) increase in the pre-exponential factor, also observed below the melting point. The authors consider the discussion of this effect to be premature.
CONCLUSIONS
Thus, not only the structure of the polymer substance as a whole but also the structure of its amorphous part, in which the dissolved antioxidant and oxygen are concentrated, and in which oxidation proceeds below the melting point of the polymer, differ considerably from the structure of the polymer substance above the melting point. 
